We compare aggregate wage dynamics in Japan and the US from 1970 to 2013 from the perspective of the New Keynesian wage Phillips curve (NKWPC), derived by [Galí, Jordi. 2011a . "The Return of the Wage Phillips Curve." Journal of the European Economic Association 9 (3): 436-461.]. We consider time variations in NKWPC's parameters and make comparisons with micro-based evidence. Our main findings are three-fold. First, although Japan's NKWPC has flattened over time, the slope of the NKWPC is much steeper in Japan than in the US. This suggests that nominal wage changes are less frequent in the US than in Japan. Second, inflation indexation, more prevalent in Japan in earlier periods, has recently become more important in the US although its role has declined over time in both countries. Third, our macro-level empirical results on the NKWPC are generally in line with micro-based evidence in each country, which suggests that the NKWPC provides a reasonable platform for modeling aggregate wage dynamics.
Introduction
The "Phillips curve" originally referred to the inverse relationship between wage inflation and the unemployment rate (Phillips 1958) . Figure 1 shows the relationship between wage inflation and the unemployment rate for Japan and the US. There is a stark contrast between the two countries, with the inverse relationship between wage inflation and the unemployment rate remarkably stable in Japan but somewhat tenuous in the US. This figure suggests that the wage dynamics are quite different between these two countries. However, because the "Phillips curve" has long been regarded as purely observational in nature, with the theoretical background (micro foundations) for the emergence of this relationship not sufficiently addressed in the literature, it was difficult to gain economic insights into the background reason for the different nature of wage dynamics between these two countries. 1 However, Galí (2011a) derived the New Keynesian wage Phillips curve (NKWPC) as a micro-founded structural equation by extending the sticky wage model of Erceg, Henderson, and Levin (2000) , EHL henceforth. In the NKWPC framework, wage inflation is dynamically linked to the unemployment rate through important structural parameters such as wage stickiness and labor supply elasticity. This framework thus provides theoretical insights into the mechanism of wage determination. Galí presented empirical results from applying the NKWPC using US data. His simplest estimation that reflects this lack of a clear inverse relationship shows that the basic form of the NKWPC, which relates wage inflation solely to the unemployment rate, does not fit well to the US data. However, he also showed that once the NKWPC is augmented with wage indexation to past inflation rates (inflation indexation), the NKWPC reasonably explains the negative correlation between the unemployment rate and wage inflation, especially after the mid-1980s. On the basis of this result, he concluded that "the structural wage equation derived here is shown to account reasonably well for the comovement of wage inflation and the unemployment rate in the US economy, even under the strong assumption of a constant natural rate of unemployment." In this study, we compare the aggregate wage dynamics between Japan and the US from 1970 to 2013 from the perspective of the NKWPC. In doing so, we estimate the NKWPC by augmenting it with inflation indexation term, based on Galí's findings. 2 By examining the difference in the parameters of the NKWPC between Japan and the US, we identify structural differences in wage dynamics between these two countries. In performing this empirical analysis, we add two important exercises, which are not necessarily addressed in Galí's original study. First, we consider time variations in the parameters of the NKWPC. Figure 1 illustrates that the slope of the wage Phillips curve is never stable over time in both Japan and the US. These observed facts motivate us to examine possible structural changes in wage settings, such as wage stickiness and inflation indexation, in these two countries. Applying time-varying parameter (TVP) estimations using a Kalman filter, we examine NKWPC parameter changes for both countries and consider possible backgrounds for these changes. Second, we compare our macro-level estimation results with micro-based evidence on wage settings in both countries. Micro-level examinations for the validity of sticky price models have been provided by many existing studies (e.g. Bils and Klenow 2004; Nakamura and Steinsson 2008) . Based on a similar motivation, we examine whether our macro-level estimation of the NKWPC is consistent with micro-based evidence, provided by a recent empirical analysis, using either US data (Barattieri, Basu, and Gottschalk 2014) or Japanese micro-level labor market data. This type of examination is quite useful for understanding the plausibility of the NKWPC as a platform for modeling aggregate wage dynamics.
In the existing literature, there are some previous empirical studies on structural wage dynamics within the standard sticky wage framework (Koga and Nishizaki 2006; Sbordone 2006) . Following the model of EHL, they use the "wage markup" (or real wage gap) as a driving force variable for wage dynamics. 3 However, this theoretical wage markup is difficult to observe in actual time series data, and it is still unclear whether the proxies used in previous studies can indeed be considered good approximations. A great advantage using the NKWPC is the absence of a conceptual gap between the theoretical framework and the data used in empirical analysis. There also exist many theoretical studies which incorporate unemployment into New Keynesian framework by introducing labor market frictions, such as search frictions (Walsh 2005; Krause and Lubik 2007; Trigari 2009; Faccini, Millard, and Zanetti 2013) and union bargaining (Zanetti 2007) . Although these studies develop theoretical frameworks that link unemployment with wage and price inflation, we have seen still limited amount of analysis incorporating the NKWPC as a building block. 4, 5 If the NKWPC receives strong empirical support, then the inverse relationship between wage inflation and the unemployment rate, which has been traditionally established since Phillips (1958) , can be introduced as a major component in modern dynamic stochastic general equilibrium (DSGE) framework. In this respect, our empirical analysis contributes to the literature, by presenting empirical evidence on the plausibility of the NKWPC as the model of aggregate wage dynamics in two countries.
The rest of this paper is organized as follows. In Section 2, we briefly explain the framework of the NKWPC. In Section 3, we estimate the reduced-form NKWPC for Japan and the US. In doing so, we first estimate the reduced-form NKWPC using whole sample data from 1970 to 2013 and we then examine time-variations in the NKWPC parameters by applying TVP estimations with Kalman filter. In Section 4, we present structural interpretations on the estimation results of the NKWPC. In doing so, we compare our macro-level estimation results with micro-based evidence on wage settings in two countries. We also examine the background for changes in the NKWPC parameters, such as wage stickiness and the degree of inflation indexation, in two countries. Section 5 concludes this study.
Framework of the NKWPC
In this section, we briefly explain the framework of the NKWPC. The NKWPC is derived by Galí (2011a) as an extension of the standard sticky wage model provided by EHL. EHL assume that, like Calvo (1983) 's sticky price setup, the household can re-optimize their nominal wage only with the probability of (1 − θ w ). Under this setup, EHL show that a log-linearized form of the structural equation for determining wage inflation can be derived as follows:
where is the wage inflation rate ( ≡ − −1 , where w t is the log of aggregate nominal wage at period t), β is the discount factor, is the average wage markup ( ≡ − − , where p t is the log of aggregate price level and mrs t is the log of household's marginal rate of substitution between leisure and consumption), and w is the natural level of , which is the value of that should be realized in the absence of wage rigidities. The parameter λ w is defined as follows 6 :
In carrying out empirical studies, equation (1) is difficult to estimate since the wage markup -the primary determinant of wage inflation -cannot be directly observed in actual time series data. In this respect, Galí proposes replacing the wage markup with the unemployment rate by introducing an additional assumption vis-à-vis the household's labor supply decisions. He assumes that there are many members in the representative household, and that each member's labor supply decision is based on a comparison of the real wage level and their disutility of labor. He also assumes that the unit of labor is indivisible (Hansen 1985) , so each member decides either to work or not to work. At the aggregate level, the household's utility is expressed as follows:
where C t is household consumption and N t is labor input at period t.
Under this setup, Galí shows that the labor supply function in log-linearized form is derived as follows:
where c t is the log of aggregate consumption and l t is the log of aggregate labor input. By using the definitions of average wage markup ( ≡ − − = − − − ) and unemployment rate (u t ≡ n t − l t ), the following linear relationship between the wage markup and the unemployment rate is derived:
Based on (4), the natural rate of unemployment (u n ) -defined as the unemployment that should be realized if wages are flexible -is a linear function of the desired wage markup:
By substituting (4) and (5) into (1), the basic form of the NKWPC is derived as follows:
Like the original Phillips curve (Phillips 1958) , wage inflation and the unemployment are inversely related in the NKWPC. 7 However, the NKWPC has a dynamic property in that it includes the one-period-ahead forecast for wage inflation. If we iteratively substitute the expectation term, another expression of the NKWPC is obtained as:
Equation (6) indicates that the slope of the NKWPC depends on structural parameters. All else equal, the slope is steep when the wage is flexible (the parameter θ w is small) or labor supply is inelastic (the inverse of labor supply elasticity to real wage φ is large).
In the basic form of the NKWPC (hereafter "basic NKWPC"), the wage is assumed to be fixed if the household does not obtain a chance to revise it. In an alternative specification, Galí takes account of automatic indexation to price inflation into wage contracts. Specifically, Galí assumes that, if the household does not obtain a chance to re-optimize, the nominal wage is set automatically in accordance with the rule:
where w t + k|t is the nominal wage (in log) at period t + k when household last obtains the chance to revise the nominal wage at period t. is the measure of price inflation used for indexation, π p is steady state price inflation, and g is productivity growth in the steady state. Then the NKWPC is modified as follows:
where
In estimating the NKWPC, Galí assumes a simple autoregressive model for determination of the unemployment rate. 8 For example, if we assume that the unemployment rate follows an AR(1) model, such as u t = ϕ 0 + ϕ 1 u t − 1 + ε t (where ε t is i.i.d.), the reduced-form NKWPC with indexation is then expressed as follows:
)} and 0 ≡ − 1− 1 . In this study, we mainly use an AR(1) model for determining the unemployment rate. 9 However, since Galí uses AR(2) model, we also present the results based on an AR(2) model for the purpose of comparison with Galí. 10 3 Empirical study of the NKWPC: Japan and the US
Data
In this section, we present an empirical study of the NKWPC using the data from 1970 to 2013 periods both for Japan and the US. The list of data set we use in presented in Table 1 . For Japan, we use data on the hourly wage (monthly total wage divided by monthly total working hours) from the "Monthly Labour Survey" published by the Ministry of Health, Labour and Welfare and data on the unemployment rate from the "Labor Force Survey" published by the Ministry of Internal Affairs and Communications. For the US, we use data on the hourly compensation from the "Productivity and Costs publication" of the Bureau of Labor Statistics. 11 For the price index used for inflation indexation ( ), we use the measure of core inflation, which is the consumption price index excluding food (or fresh food). Since Galí uses quarter-to-quarter inflation data (π t ) as well as its 4-quarter moving average (
−1 = (1/4) * ( −1 + −2 + −3 + −4 )), we use both of them. 
Estimations of the reduced-form NKWPC
Following Galí (2011a), we estimate the reduced-form of the NKWPC by using OLS. This methodology is chosen so that we avoid serious weak instrument problems which are typically observed in the estimation of the NKPC using instrument-based empirical strategy, such as generalized method of moments (GMM), as is discussed by (Mavroeidis 2004 (Mavroeidis , 2005 ) and Mavroeidis, Plagborg-Møller, and Stock (2014). 12 Table 2 shows estimation results for the reduced-form NKWPC [equation (10)] for the US. The first column shows the estimation result of the basic form of the NKWPC under the assumption of no inflation indexation [γ is assumed to be zero in equation (10)]. This indicates that the coefficient on the unemployment rate is not statistically significant, a finding consistent with that of Galí. The second and third columns show the estimation results for the NKWPC augmented by inflation indexation. In each of these cases, the fit of the NKWPC (measured in Adj-R 2 ) is better than the one for the basic form of the NKWPC. In addition, the coefficient on the unemployment rate is significantly negative (−0.094) if we use 4-quarter moving average inflation rate in the inflation indexation term. These results confirm Galí's findings that inflation indexation plays an important role in the US for ensuring empirical validity of the NKWPC. The importance of inflation indexation is also confirmed in the fourth through the sixth columns, which show the results under the AR(2) model for unemployment rate dynamics. The coefficient of inflation indexation (γ) ranges between 0.55 and 0.71, depending on specifications. Table 3 shows estimation results for the reduced-form NKWPC for Japan. The first column indicates that in the basic form of the NKWPC, the coefficient on the unemployment rate is negative (−1.002) and statistically significant. Therefore, in contrast to the US findings, the basic form of the NKWPC fits Japan's data reasonably well. The second and third columns show the estimation results of the NKWPC augmented by inflation indexation. By introducing the inflation indexation term, the fit of the NKWPC is further improved. The same results are also confirmed under the AR(2) model for the unemployment rate dynamics. The coefficient of inflation indexation (γ) ranges between 0.94 and 1.10, which is even larger than that in the US. The results presented above seem to indicate that the slope of the reduced-form NKWPC is steeper in Japan than in the US. 13 However, it should be noticed that, if the data used for the estimation have non-stationary properties, the parameters estimated by OLS are potentially biased. This problem seems to be serious for Japan, as Figure 2 indicates that Japan's unemployment rate has an upward trend since the early 1970s. To examine the existence of non-stationary properties, we carry out the augmented Dickey-Fuller (ADF) test for the existence of unit roots. The results shown in Table 4 indicate that, for the US, the null hypothesis that data has a unit root is rejected for wage inflation, price inflation, and the unemployment rate. 14 However, as for Japan, the null cannot be rejected for the unemployment rate as p-value for the existence of a unit root reaches more than 50%. In addition, the null cannot also be rejected for wage inflation at 10% level. This statistical evidence indicates that OLS estimation of the reduced-form NKWPC, which is expressed as (10), is problematic particularly for Japan. However, Table 4 also shows that, if the first difference of each series is used for ADF test, the null hypothesis is rejected even for Japan's data (p-value for each series is almost zero in this case). Based on these results, as for Japan, we decide to re-estimate the reduced-form NKWPC with OLS by taking the first difference of equation (10) 15 : Null hypothesis is that the data has a unit root. Lag length is chosen based on Schwartz information criterion.
The estimation results presented in Table 5 show that the coefficient on the unemployment rate is significantly negative and that on the price inflation is significantly positive. These results are qualitatively the same as the results of the level-based estimation on equation (10), which is presented in Table 3 . However, quantitatively, the absolute value of coefficient on the unemployment rate and the coefficient on price inflation are larger in the difference-based estimation than those in the level-based estimation. This means that, if we properly take into account the non-stationarity of Japan's data, the slope of the reduced-form NKWPC is even steeper and the role of inflation indexation is more important in Japan's wage dynamics. 
Changes in NKWPC parameters over time
We next examine how the slope of the NKWPC and the role of inflation indexation have varied over time. Here we employ time-varying parameter (TVP) estimations to illustrate changes in the parameters of the NKWPC. The ADF test results indicate that the level-based estimation is valid for the US and the difference-based estimation is valid for Japan. Therefore, as for the US, based on the level-based estimation on equation (10), we estimate the time-varying parameters (δ t , γ t , ψ 0, t ) in the following equation with a Kalman filter 16 :
where ζ t represents a white noise. As for Japan, based on the difference-based estimation on equation (11), we estimate the time-varying parameters (χ t , γ t , ψ 0, t ) in the following equation with Kalman filter:
where χ t is a constant term and ξ t represents a white noise. For the prior values of parameters and their variancecovariance matrix, we apply OLS estimation results using the initial 5 years. Figure 3 presents the results of TVP estimations for the US, and indicates that the unemployment rate has recently become more influential on wage inflation in the basic NKWPC. This result is consistent with Galí's finding that wage inflation and the unemployment rate have been inversely related since the mid-1980s. The estimation for the NKWPC with inflation indexation also shows that the coefficient on the unemployment rate has become significantly negative since the 1980s. In addition, the coefficient on the inflation rate has trended lower but its point estimate is still positive in recent periods. Figure 4 present the results of TVP estimations for Japan. The absolute value of the coefficient on the unemployment rate in the reduced-form NKWPC shows a downward trend. This indicates that the slope of Japan's NKWPC has flattened over time. The estimation results for the NKWPC with inflation indexation also show that the absolute value of the coefficient on the unemployment rate has declined. The coefficient on the inflation rate was more than unity in the 1970s, but has subsequently followed a downward trend and has reached almost zero in recent periods. 
Interpretations on the NKWPC estimation results
In this section, we interpret the estimation results of the NKWPC and present possible background for the time-variations in the NKWPC parameters. In doing so, we compare the macro-level estimation results with micro-based evidence in two countries.
Interpretations on the slope of the NKWPC
The estimation results presented in Section 3.1 generally tell us that the reduced-form NKWPC is much steeper in Japan than in the US. This implies that a given change in unemployment has a larger impact on wage inflation for Japan. However, since the slope of the reduced-form NKWPC depends on the AR coefficient for the unemployment rate model (ϕ 1 ), we need to adjust this factor when comparing the slopes of the structural-form NKWPC. Table 2, Table 3, and Table 5 show the slope of the structural-form NKWPC [λ w φ in equation (6) and (9)] 17 . These tables suggest that the slope of the structural-form NKWPC is also steeper in Japan than in the US. The results are more evident if we take into account the presence of a unit root of Japan's unemployment rate.
As we have explained in Section 2, the slope of the structural-form NKWPC mainly depends on two factors: wage stickiness and labor supply elasticity. Based on this framework, the estimation results suggest that (i) the degree of wage stickiness is smaller in Japan, and/or (ii) labor supply elasticity is smaller in Japan. Following Galí, we set alternative values for the parameter φ, which is the inverse of Frisch labor supply elasticity, as φ = 1 and 5, based on the previous studies. Then we compute the value of θ w , which represents the degree of wage stickiness. 18, 19 The bottom two lines of Table 2, Table 3 , and Table 5 show the values of θ w for φ = 1 and 5. Since the estimated parameters in Table 3 are possibly biased, we compare the results of Table 2 and Table 5 . In the case of of the US, θ w ranges from 0.621 to 0.924. 20 In contrast, in the case of Japan, θ w ranges from 0.302 to 0.606. These results imply that, so far as labor supply elasticity lies within the range presented in previous studies, wage is stickier in the US than in Japan since nominal wage changes are less frequent in the US than in Japan. 21 However, in order to check the plausibility of these results, we need to examine whether the macro-based estimations on θ w are supported by micro-based evidence in two countries.
Although micro-based evidence on wage stickiness is still quite limited, Barattieri, Basu, and Gottschalk (2014) provide a panel-based study using the US data from the "Survey of Income and Program Participation" (SIPP) published by the US census Bureau. In the SIPP, individual wage histories are surveyed every 4 months and the authors' panel dataset from the SIPP covers the periods from March 1996 to February 2000. Throughout their panel estimations, the authors conclude that the average quarterly probability of a nominal wage change is between 21.1% and 26.6%. This implies that the probability of holding a nominal wage unchanged, which is represented by θ w in the NKWPC framework, is between 0.734 and 0.789. In this respect, our estimation results presented in Table 2 indicate that θ w ranges from 0.621 to 0.924. Although this range is somewhat broad, the micro-level evidence provided by Barattieri, Basu, and Gottschalk (2014) lie almost in the middle of this range. In addition, our TVP estimation results presented in Figure 3 indicate that, in the presence of inflation indexation, the coefficient on the unemployment rate is − 0.0897 on average during 1996-2000. This implies that θ w is 0.778 for φ = 1 and θ w is 0.890 for φ = 5. These values, particularly for the case of φ = 1, are quite close to the micro-based evidence.
As for Japan, micro-based direct evidence on the ratio of firms revising their wages is available in "Survey on Wage Increase" released by Japan's Ministry of Health, Labour and Welfare. This is an annual-based survey which interviews approximately 3500 firms on their wage revisions. In every year, the survey is conducted in August and asks firms whether the firms have revised (or will revise) their wages within the corresponding year. The historical average of the ratio of firms which hold their wages unchanged within 1 year is 8.7% between 1975 and 2013. Table 5 suggests that θ w ranges from 0.302 to 0.606 in Japan, based on the estimations using the whole sample periods. In annual based, these values imply that the ratio of wage contracts which do not revise a nominal wage within 1 year is between 0.8% and 13.5%. This range covers the historical average ratio in the survey data.
In sum, our macro-level estimation results on wage stickiness are generally in line with micro-based evidence both of the US and Japan. Based on the estimation results, we can interpret that the slope of the NKWPC is steeper in Japan than in the US because wage is stickier in the US than in Japan, in the sense that nominal wage changes are less frequent in the US than in Japan. This result is consistent with some previous studies which have pointed out some institutional background for the flexibility of Japan's nominal wage. For example, Freeman and Weitzman (1987) and Taylor (1989) have stressed the role of bonus payments and wage revision through annual spring wage negotiations, so-called "Shunto," respectively. 22, 23 However, even in Japan, the slope of the reduced-form NKWPC has been flattening over time, as shown in Figure 3 . This flattening is naturally interpreted as reflecting the presence of downward wage rigidity, which has been addressed by Akerlof, Dickens, and Perry (1996) and Benigno and Ricci (2011) . 24 Figure 5 clearly shows that the estimated coefficient on the unemployment rate has clear inverse relationship with the level of wage inflation. 25 In this context, explains that "wage stickiness should have increased after collapse of the bubble economy in Japan, due to the existence of downward nominal wage rigidity under the low inflation environment. Before collapse of the bubble economy when inflation rate was relatively higher, downward rigidity of nominal wage was not a binding constraint in wage setting. When the inflation rate got lower and even negative after collapse of the bubble economy, however, nominal wage cut became necessary to reduce real wages. Then, downward nominal wage rigidity started to serve as a binding constraint." 26 This interpretation is consistent with our empirical findings. 
Interpretations on inflation indexation
As for the role of inflation indexation, the estimation results form 1970 to 2013 indicate that the coefficient on price inflation is much larger in Japan than in the US. In the case of the US, the estimated coefficients (γ ranges from 0.554 to 0.705) suggest that there exist partial indexation of nominal wages to price inflation. In contrast, Japan's coefficients (γ ranges from 1.211 to 1.605) imply more than full indexation in wage settings. However, our TVP estimations presented in Section 3.2 suggest that the role of inflation indexation has substantially changed over time. Our results suggest that in both countries the role of inflation indexation has declined over time, but the decline seems to be more rapid in Japan. Specifically, our results suggest that, although inflation indexation was more important in Japan in the early 1970s, its role seems to have virtually disappeared in the recent Japanese economy. Here we check whether our findings on the time-variations in inflation indexation are consistent with micro-based evidence. Figure 6 presents micro-evidence on inflation indexation for each country. As for the US, in the cost-of living adjustment (COLA) clauses in major wage bargaining agreements, the proportion of wage contracts that explicitly incorporate inflation indexation exceeded 60% from the middle of the 1970s to the 1980s, but declined to approximately 20% in the mid-1990s. This decline is closely correlated with our TVP estimations on the coefficient on price inflation in the NKWPC. Unfortunately, the micro-level evidence on COLA clause is unobtainable for more recent periods, but our estimation results suggest that there remains some partial inflation indexation in the wage settings in the recent US economy. As for Japan, the aforementioned "Survey on Wage Increase" presents the proportion of firms viewing inflation as a reason to revise wages. 27 This micro-level survey indicates that approximately 70% of Japanese firms viewed the inflation rate as a motivation for revising wages in the early 1970s, but the ratio has followed a downward trend and it has reached at a negligible level in the recent periods. This evidence is quite consistent with our macro-level estimation results. Our macro-level estimation results and micro-based evidence suggest that inflation indexation was more prevalent in Japan in the earlier periods, but is recently more important in the US, although the role has declined over time in both countries. Since the role of inflation indexation is exogenously determined in Galí's framework, identifying the reason for the time-variations in the role of inflation indexation remains difficult. However, Figure 7 shows that the decline in the role of inflation indexation is parallel with the decline in the level of inflation rate both in Japan and in the US. More specifically, although price inflation has declined in both countries, it has declined to almost 0% in Japan, but it has remained at around 2% in the US. The difference in the trend level of inflation rate is consistent with our estimation results on the role of inflation indexation in two countries. These results suggest that the specific degree of inflation indexation is largely influenced by a country's inflation environment. In this context, Hofmann, Peersman, and Straub (2012) , who also report considerable time variations in the degree of inflation indexation of US wage dynamics, claim that the degree of inflation indexation is ultimately determined by the central bank's monetary policy stance. In their words, "A weakly inflation stabilizing policy rule is conducive to high and volatile inflation. This fosters the use of indexation clauses as protection against inflation uncertainty, which in turn contributes to inflation uncertainty by amplifying the effects of inflationary shocks. On the other hand, a regime of price stability with a more strongly inflation stabilizing policy rule reduces the need for protection against inflation uncertainty, thus mitigating wage and price indexation."
To examine their hypothesis, we carry out TVP estimations concerning the response of monetary policy to the inflation rate. Following Boivin (2006) and Coibion and Gorodnichenko (2012) , based on time-varying Taylor rule specification, we regress the short-term interest rate (i t ) to the lagged interest rate, the (expected) inflation rate (π t + h π |t ), the proxy of (expected) output gap (x t + h x |t ), and a constant term (ϕ 0, t ) with Kalman filter:
where ς t is a white noise. The data used for estimating the time-varying Taylor rule is presented in Figure 8 . As for the data of the US, following Boivin (2006) , we use the federal fund rate for i t , three quarter ahead forecast on GDP (or GNP) deflator for π t + h π |t , and the one on the unemployment gap for x t + h x |t (namely, h π = h x = 3). The forecast is based on Greenbook forecast data, which is published by the Federal Reserve Bank of Philadelphia. As for the data of Japan, we use the overnight call rate for i t . Because historical data of the Bank of Japan's forecast is unavailable, we use the contemporaneous data on consumer price index excluding fresh foods for π t + h π |t , and on the unemployment gap for x t + h x |t (namely, h π = h x = 0). To obtain the data of the unemployment gap for each country, we calculate the natural rate of the unemployment rate by applying Hodrick and Prescott filter to the actual unemployment rate. The sample period is from 1970Q1 to 2009Q4 for the US and from 1970Q1 to 2013Q2 for Japan. 28 For the prior values of parameters (ϕ 0, t , ϕ i, t , ϕ π, t , and ϕ x, t ) and their variance-covariance matrix, we apply OLS estimation results using the initial 80 periods. Figure 9 presents historical movements of the responsiveness to the inflation rate (ϕ π, t ) estimated by Kalman filter, along with the time-varying coefficients on inflation indexation in the NKWPC (γ t ). In Japan, the estimated value of ϕ π, t was quite low in the mid-1970s when the role of inflation indexation was quite large (γ t was more than unity). However, since the late 1970s, the value of ϕ π, t has increased substantially, which has been accompanied by the decline in the value of γ t . This indicates that the role of inflation indexation has declined in Japan while the policy response to the inflation rate has become greatly strengthened from the late 1970s to the early 1990s. In the US, the estimated value of ϕ π, t indicates that the policy response to the inflation rate was relatively weak in the mid-1970s. However, it has been strengthened around the end of the 1970s or the early 1980s. This result is consistent with the common findings of previous studies, such as Boivin (2006) and Coibion and Gorodnichenko (2012) . In the meantime, the coefficient on inflation indexation (γ t ) has declined gradually. These results are consistent with a view that the role of inflation indexation has declined in both countries due to the increase in monetary policy response to the inflation rate. However, the pace of decline has been more moderate in the US than in Japan. This might be related to the evidence that the increase in the US's policy response to inflation rate was relatively small, while that in Japan during the late 1970s and the early 1990s was very strong. In any event, our results suggest that the change in the monetary policy response to the inflation rate taken in the late 1970s or in the early 1980s in each country was crucial for the determination of wage inflation, because the role of inflation indexation has never recovered since then, even though the observed response to the inflation rate has declined in recent periods, partly due to the presence of the zero lower bound of the nominal interest rate. 
Conclusion
We have compared aggregate wage dynamics in Japan and the US from 1970 to 2013 from the perspective of the NKWPC, derived by Galí (2011a) as a micro-founded structural relationship between wage inflation and the unemployment rate. In doing so, we have considered time-variations in the parameters of the NKWPC and have provided some structural interpretations on the estimation results. In particular, we have examined our macro-level estimation results by checking their consistency with micro-level evidence in each country.
The estimation results have given us some insight into wage dynamics in the US and in Japan. First, the slope of the NKWPC is much steeper in Japan than in the US, even though Japan's NKWPC has flattened over time. The theoretical underpinnings of the NKWPC suggest that wages are less sticky in Japan than in the US in the sense that nominal wage changes are less frequent in the US than in Japan. This might be related to the fact that adjustment in Japan's labor market typically involves changes to wage levels rather than employment (hiring or firing), reflecting the importance of bonus payments, annual wage revision through Shunto, seniority wages, long-term employment, strict employment protection legislation, and so on. Although further investigation of these aspects is left for future research, our empirical results do at least suggest that tightening of the labor market is more likely to induce faster wage inflation in Japan than in the US.
Second, our time-varying parameter estimations have shown that inflation indexation, more prevalent in Japan in earlier periods, has recently become more important in the US, although its role has declined over time in both countries. These results suggest that the role of inflation indexation can vary over time, mainly reflecting each country's inflation environment. In the high-inflation era like Japan's early 1970s, the price inflation rate has a large impact on the wage inflation rate, because the need to make allowance for the variations in the inflation rate was quite large. However, in the low inflation environment, there may be less need to make explicit allowance for fluctuations in inflation rate. Our study further suggests that the role of inflation indexation ultimately depends on the central bank's monetary policy stance to variations in inflation rate, as is consistent with the argument of Hofmann, Peersman, and Straub (2012) .
Finally, our analysis has provided empirical evidence on the plausibility of the NKWPC as a micro-founded model of aggregate wage determination. This is confirmed by showing that our macro-level estimation results on the parameters of the NKWPC are generally in line with each country's micro-level evidence on wage stickiness and inflation indexation. Although we have seen still limited amount of DSGE-based analysis incorporating the NKWPC as a building block, it is therefore to be hoped that our empirical evidence will present a basis for future studies to introduce the NKWPC into DSGE models.
Notes
1 By way of contrast, the Phillips curve relating price inflation to unemployment -the so-called New Keynesian Phillips Curve (NKPC) -has a solid theoretical foundation and has also been empirically examined in numerous previous studies. For example, Galí and Gertler (1999) , Sbordone (2002) , Galí, Gertler, and Lopez-Salido (2001) , Fuchi and Watanabe (2002), and Muto (2009) . Muto and Tsuruga (2008) present a survey on empirical studies of the NKPC (written in Japanese). 2 For basic estimations using the data of whole sample periods, we estimate the reduced-form of the NKWPC with ordinary least squares, following Galí. In doing so, because of the possibility that Japan's unemployment rate has non-stationary properties, we also estimate Japan's NKWPC by taking the first difference of the reduced-form of the NKWPC. 3 The wage markup is defined as the deviation of the actual real wage from the hypothetical level of that real wage that should be realized in the absence of wage stickiness. If nominal rigidities are absent, the real wage must be equal to the household's marginal rate of substitution between consumption and labor (leisure). The wage markup is thus defined as the deviation of the real wage from the marginal rate of substitution. 4 Exceptional works are provided by Galí (2011b) and Galí, Smets, and Wouters (2012) . 5 Japan's aggregate wage dynamics has been analyzed in some previous studies, including a series of studies by Kuroda and Yamamoto (2003a , 2003b , and Kimura and Kazuo (2001) , although their studies are not necessarily based on the stickywage framework. 6 ϵ w represents the constant elasticity of the CES aggregator for deriving an aggregate labor demand function. φ is the parameter determining the disutility of labor, which is presented in equation (2). 7 Theoretically, the driving force for determining wage inflation in the NKWPC is the deviation of unemployment from its natural level. However, the natural rate of unemployment in the framework of Galí -that is, the unemployment rate in the absence of wage stickiness -is unobservable in practice. Therefore, Galí introduces a benchmark assumption that the natural rate of unemployment is constant, and then he reports that the NKWPC can account for the correlation between US wage inflation and unemployment even under the strong assumption of a constant natural rate of unemployment. In the process of our analysis, we have tried to estimate the NKWPC for the US
